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INTRODUCTION 
For many years, movement of bridge abutments and the associated 
subsidence of roadway approaches have presented a problem for highway 
designers and maintenance personnel. Abutment movement and approach 
subsidence may be interrelated in that movement of the foundation or 
embankment material whether by consolidation or slippage could result in 
additional loading of the piles and/or abutment. Movement of the abutment 
(due to earth pressure) or bending of the supporting piles would result in 
a void to be filled by adjacent embankment material, producing additional 
approach subsidence. These factors eventually result in conditions 
requiring expensive corrective measures and maintenance. Settlements and 
movements of bridge approaches are widespread problems. From a survey 
(details to be published in a separate report) , 27 states indicated major 
problems with bridge approaches. 
Studies in New Jersey (l) and Canada (2) associate abutment movement 
with settlement of the foundation. In those cases, it was reported that 
the top of the abutment moved away from the bridge. In the New Jersey 
investigation, there was evidence of sufficient lateral forces to produce 
buckling of the piling; however, the instrumentation available precluded a 
complete analysis of pressure distributions. Other researchers (3, 4, 5, 
6) have reported on the response of laterally loaded piles and the effects· 
of lateral movements on bridge approaches. 
In many cases studied in different parts of the world, negative skin 
friction was shown to be capable of inducing a significant force (7, 8) . 
Van Weele (9) reported negative skin friction as being a common problem in 
Holland where there are many areas in which piles have been driven through 
fill on soft ground. Lambe (10) noted that tests and actual experiences in 
Holland emphasized the importance of including force induced by skin 
friction as part of the design load. 
In many cases observed in Kentucky, abutments have moved toward the 
bridge with the bottom of the abutment moving further than the top. 
Settlement of the foundation may tend to tilt the abutment away from the 
bridge; however, other movements in the embankment (unrelated to 
settlement) may eventually cause the abutment to translate toward the 
bridge. Slippage of the fill due to sloping bedrock (side-hill approach 
embankment), or simply creep of the embankment under its own weight, could 
eventually drag the abutment into the bridge as observed in some cases 
(ll). 
In January 1964, the Kentucky Department of Highways, Division of 
Research, initiated a study (11) concentrating on settlement of 
foundations. In conjunction with that settlement study, it was deemed 
desirable to investigate abutment movements and rotations, and that study 
was initiated in May 1972. The proposed objectives are to 
1. provide an experimental analysis of lateral forces exerted upon 
piling used for support of a bridge end bent, 
2. analyze present design procedures related to lateral loads on 
piles and recommend changes if necessary, 
3. measure magnitude of settlements in fill and foundation, 
4. measure and analyze forces exerted on the end bent and 
translational and rotational movements of the end bent, and 
5. measure downdrag forces on piles. 
This report documents the construction, instrumentation, 
collection, and analysis of a particular bridge site. 
SITE DESCRIPTION 
data 
Several years of literature review, instrumentation selection, and 
extensive searching were needed to choose an appropriate study site. 
Criteria for selection were a high side-hill approach embankment, deep 
foundation, long piles, and soils known for their poor engineering 
performance. A site having all of those conditions was located in northern 
Kentucky on Interstate 471 in Campbell County (Figure 1). The construction 
contract was awarded in October 1977. 
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At this site, Interstate 471 passes through a residential area, 
crossing Chesapeake Avenue and causing the relocation of Ohio Avenue 
(Figure 2) . Approach fills reach a height of approximately 45 feet above 
original ground at the south approach and 6 0  feet at the north approach 
(Figure 3). The area of primary interest (south approach fill) extends 
from Station 228+15 to Station 232+90. Depth of foundation is irregular 
but is approximately 30 feet at the location of end bent Number 1. Final 
grade is in a shallow vertical curve in this area, but the average grade is 
-3.8 percent. As shown in Figure 3, the south approach fill was placed on 
a steeply sloping rock line. 
The bridge spans 213 feet and is constructed of precast beams placed on 
spill-through piers and pile-supported end bents. All piling is point 
bearing with straight and battered placement. The bridge begins at Station 
232+08 and extends to Station 234+21. The piers are located at Stations 
232+89 and 233+43. 
GEOLOGY 
Bedrock at this site is the Ordovician Age Kope Formation of the Eden 
Group (12) . This formation is comprised of shale and limestone, with shale 
accounting for 75 to 80 percent of the unit. The shale is medium gray and 
light bluish-gray, weathering through greenish grays to dark yellowish­
orange. Beds of shale up to 6 feet thick are layered with limestone up to 
12 inches thick. The Kope shale is highly susceptible to slaking and has a 
very low slake durability index (13). Natural moisture contents range from 
eight to ten percent. This indicates the shale weathers rapidly to a clay. 
Generally, bedding planes are horizontal, but this site lies within the 
Cincinnati Dome or Cincinnati Arch. The Dome is a result of arching of the 
strata after deposition and consolidation; therefore, the bedding at the 
site has a slight dip. 
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SUBSURFACE EXPLORATION 
The subsurface exploration was conducted in 1969. That exploration 
covered the entire construction project, including the area under study. 
In October and November of 1977, a localized subsurface exploration in the 
area of the south approach was conducted. 
The original subsurface report indicated the presence of a man-made 
fill having a maximum depth of 17 feet at Station 233+60 (60 feet left of 
centerline) in this area. Depth to rock varies, but was reported as 
approximately 20 to 40 feet. Rock cores taken in that exploration indicated 
fracturing of the limestone and a high degree of weathering of the shale. 
The shale was weathered to depths of 6 5  feet at Station 223+50 and 55 feet 
at Station 224+00. 
The 1977 exploration was conducted primarily between Stations 231+ 50 
and 232+00, and extended approximately 70 feet either side of centerline. 
It consisted of three soil borings with continuous Shelby-tube sampling, 
eight Dutch Cone penetrometer locations, and two rock cores (Figure 4 ) .  
Rock was encountered at 30 feet in boring Number 1 and a t  21 feet in 
borings Number 2 and 3. Rock cores were largely weathered shale having 
fractured limestone layers. The top 7 feet of soil contained brick, glass, 
and charred wood, indicating the presence of a man-made fill. From 7.0 
feet to 17.5 feet, there was little resistance to Shelbytube sampling and 
the recovered material was very wet. 
Results of the Dutch cone penetration tests (ASTM D-3441) and standard 
penetration tests (ASTII D-1586) indicated the presence of a zone of low 
shear strength in the foundation at approximately 10 to 15 feet in depth. 
This zone was confirmed by moisture contents determined from Shelby-tube 
samples. The moisture content and Dutch Cone data are plotted versus depth 
in Figures 5 and 6. Figure 7 is an illustration of the zone as determined 
from dutch cone and standard penetration data. Information acquired from 
conversations with local residents indicates the past existence of a farm 
pond in this area. This could account for the wet zone of low strength 
beneath the man-made fill. 
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INSTRUMENTATION 
Instrumentation included multipoint, mercury-filled settlement gages, 
horizontal and vertical slope inclinometers, settlement platforms, and 
earth pressure meters. The location and identification of instruments are 
presented in Figure 8. Information acquired by the Kentucky Department of 
Highways, Division of Materials from additional instrumentation is also 
reported. 
The horizontal slope inclinometer was a system devised specifically for 
this type application and supplied by the Terra Technology Company of 
Seattle, Washington. This system is a modified version of their 
inclinometer, which utilizes a sensor mounted in a stainless steel torpedo. 
The sensor is a thermally compensated, fluid damped, and flexure-servo 
accelerometer sensitive to inclination away from a horizontal plane. 
By use of a cable that is left in place, the torpedo is drawn through a 
tube exiting on either side slope. Continuous readings taken through the 
tube result in a profile of the tube. Positioning of the sensor relative 
to the tube is maintained by a wheel configuration having two fixed wheels 
mounted at third points around the torpedo and a third wheel (spring 
loaded) that rides on the top of the tube. Settlement of the foundation or 
fill may be determined by establishing the elevation of the projecting ends 
of the tube. 
Placem�nt of the system was accomplished by permitting the fill 
construction to progress to an elevation approximately 1 foot higher than 
the desired location of the inclinometer. A trench was then cut and the 
tube was placed in it. A rope was pulled through all sections of tube, 
then the tubing was joined to make one continuous tube. 
In an effort to work more quickly and avoid delays in fill 
construction, locking 0-rings were not utilized at tube unions. Neither 
was a select fill around the tubing specified. These factors led to 
partial closure of the tube, which made monitoring of the system difficult. 
Both horizontal slope inclinometers were destroyed by the contractor in 
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August 1979; however, installation of the system in other research efforts 
( 1 4 )  has proven the system's value. 
Vertical slope inclinometers were located on the end-bent piling and at 
various locations in the south approach embankment. Steel tubing, 1.5 
inches square, was welded to the web of selected piles (Figure 9). A 
protective cover was welded to the leading end of the tubing and the pile 
was driven. To permit access to the tubing, a cavity was formed in the end 
bent through which the tubing projected. A steel plate was bolted over the 
cavity for protection (Figure 10) . A total of eight piles were 
instrumented (four piles on each south end bent) .  Two battered piles and 
two straight piles were instrumented on each end bent (Figure 11) . 
Although protected at the leading end, the slope inclinometer casing 
suffered some damage during pile driving. Table 1 illustrates the length 
of each instrumented pile and the depth to which it was possible to monitor 
the slope inclinometer casing. Closure of the casing was probably due in 
part to bending of the piling during placement. The deviations of Piles 
23, 26, 34, and 37 from planned positions are shown in Figures 12 through 
15, respectively. 
Five inclinometers were placed in the south approach embankment after 
completion of construction. They were located at Station 231+90 
(approximately 20 feet and 70 feet left of centerline) , on centerline at 
Station 233+00, 125 feet left of centerline at Station 233+00, and 125 feet 
right of centerline at Station 233+80. All casings were set in rock to 
stabilize the bottoms. 
Thirteen Carlson earth-pressure meters were installed at the earth-pile 
cap interface and the earth-end-bent interface (Figures 8 and 1 6) .  Two 
were placed under the pile cap and five were placed on the vertical earth­
end-bent interface of the southbound lanes. The remaining six were placed 
on the vertical earth-end-bent interface on the northbound lanes. 
Four settlement platforms were placed at the earth-pile cap interface 
to monitor potential fill settlement away from the end bent (Figure 17) .  
Two were placed on the northbound lanes and two on the southbound lanes. 
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Nine mercury-filled settlement gages were installed. 
the interface between the original ground and the 
One was installed 
embankment. The 
remaining eight gages were installed at various locations in the embankment 
(Figure 18). 
CONSTRUCTION 
Construction began in February 1978 with some excavation in the area of 
the south approach and the driving of piling for the bridge piers. On Hay 
30 and 31, Settlement Gages 1-A and 2-A were installed. Gage 1-A was 
installed 15 feet south of end-bent Number 1. Gage 2-A was installed 75 
feet south of end-bent Number 1. Both gages extended across all driving 
lanes of Interstate 471 at an approximate gage elevation of 541. 0 feet. 
Excavation for a 72-inch structural plate pipe at Station 231+34 (see 
Figure 2) triggered a landslide that destroyed Gage 2-A. Gage 1-A was 
destroyed by a dozer and was replaced by Gages 1 and 2. Those gages were 
basically duplicates; therefore, Gage 2 was considered a back-up and was 
not monitored. 
Embankment construction for the south approach began near the end of 
June 1978. By September 1, fill construction had progressed to an 
elevation permitting installation of Settlement Gages 3 through 6 .  Those 
gages were installed at an approximate elevation of 568. 0 feet for Gages 3 
and 4 and 570.0 feet for Gages 5 and 6 (Figure 18). 
In September 1978, at an approximate elevation difference of 33. 0 feet 
between the north and south approach embankments, movement occurred in the 
foundation of the south approach embankment. As a result of that movement, 
the recently constructed piers at Station 232+89 tilted (approximately 8 
inches out of plumb) toward the south (Figure 19). However, the piers at 
Station 233+43 were not affected. Construction of the south approach 
embankment was immediately halted. Slope inclinometers installed in the 
south approach embankment indicated movement was in a north-to-northwest 
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direction. It was decided to begin construction of the north approach 
embankment in an attempt to stabilize the foundation and, hopefully, stop 
movement in the foundation. Therefore, during November 1978, 15 feet of 
fill was placed on the north approach embankment. At the end of November, 
construction on the north approach was halted for the winter. Construction 
of the north approach was continued in April 1979 and was essentially 
completed in October 1979. 
Slope inclinometers indicated that movement of the south approach 
appeared to have stopped; therefore, construction of 
resumed in August 1979 and was essentially complete 
the south approach 
by mid-September. 
During that time, Settlement Gages 4 and 6 and the horizontal slope 
inclinometers were destroyed by cutting a haul road into the south approach 
side slope. Also, during that time, Settlement Gages 7 and 8 were 
installed at an elevation of 578 feet and Gage 9 was installed at an 
elevation of 582 feet ( Figure 18) . 
Removal and reconstruction of the piers at Station 232+89 began in June 
1980 and was completed by October of that year. Pile driving for the south 
end bent began in October, and construction of the end bent was completed 
in November 1980. During construction of the end bent, slope inclinometer 
casings were installed on selected piles as previously described ( Figure 
9) . Earth pressure cells and settlement platforms also were installed in 
the end bent at that time (see Figure 20) . The structure was essentially 
in place by the end of 1980 and the only significant activity remaining was 
drilling and placement of slope inclinometers ( Numbers 9 through 13) in 
September and October 1981. A chronology of the construction sequence is 
shown in Figure 21. 
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SOILS DATA 
Table 2 summarizes data from laboratory tests on Shelby-tube samples. 
Natural moisture contents (ASTM D 2216-80) were obtained on most tube 
samples. Atterberg limits (ASTM D 423-66 and ASTM D 424-59), and specific 
gravity (ASTM D 854-58) were performed on a select number of tube samples. 
Most soils classified as a clayey material having low plasticities (CL) 
using the Unified Classification System. However, the soil in the 
approximate area of the old farm pond classified as a silty material having 
low plasticity (��) and as a mixture of clay and silt having low plasticity 
(CL-ML) . Most of the silty materials had liquidity indices greater than 
1.0, indicating a normally consolidated soil. Table 2 also shows that the 
samples from near the bottom of the borings had lower liquidity indices. 
That indicates the samples were overconsolidated (liquidity index< 0.4) .  
Consolidated-isotropic-undrained triaxial tests were performed on a 
number of Shelby-tube samples. Figure 22 shows the stress paths for the 
samples from the foundation in the area of the old pond. The angle of 
internal friction, 0', was 26.0 degrees and the cohesion, c' 
pounds per square foot. Those parameters were used in the 




Settlements of the approach fill and of the end bent were monitored by 
multipoint settlement gages and settlement platforms. The settlement 
platforms were installed to monitor potential differential settlement of 
the end bent and underlying fill. Settlement platform data, as shown in 
Table 3, indicate no significant differential settlement (the small amount 
of change in the data is due to the precision of the method of reading) . 
Approach fill and foundation settlements were monitored by the 
multipoint mercury-filled settlement gages. Foundation settlement at 
points monitored by Gage l averaged 9.3 inches approximately 700 days after 
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initiation of fill construction (Figure 23) . As seen in Ffigure 24, data 
obtained by the Division of Materials from a settlement platform placed in 
the same area as Gage 1 confirm the data from Gage 1. 
Gages 3, 4, 7, and 8 were placed to monitor the fill near the south end 
bent (Figure 8) . Gages 3 and 4 were placed at approximately the same 
elevation in the fill (Figure 18) and indicate similar magnitudes of 
settlement. At 700 days, both gages indicated an average point settlement 
of approximately 7 inches 
destroyed. However, Gage 
(Figures 25 and 26) ,  At that time, Gage 4 was 
3 was monitored through 1,300 days. Final 
settlement data on Gage 3 indicated an average point settlement of 16 
inches. 
Gages 7 and 8 were placed higher in the fill (Figure 18) and at 
approximately the same time as the destruction of Gages 4 and 6. Those 
gages were at the same location and should indicate similar settlements. 
As may be seen in Figures 27 and 28, the settlement plots differ greatly, 
with Gage 8 probably being erroneous. However, final average point 
settlements for the gages are relatively close at 14 inches for Gage 7 and 
16 inches for Gage 8. 
Settlement of the fill further south was monitored by Gages 5, 6, and 9 
(Figure 8) . Gages 5 and 6 were placed lower in the fill and Gage 9 was 
placed above them (Figure 18) . Average point settlement on Gages 5 and 6 
was slightly greater than 4 inches at 700 days (Figures 29 and 30). 
At approximately 700 days from the start of the project (August 1979) ,  
Gage 6 was destroyed and Gage 9 was installed. Monitoring of Gage 5 
continued through 1, 800 days, with a final average point settlement of 
approximately 9 inches. Average point settlement of Gage 9 at 1,400 days 
was 5. 5 inches (Figure 31) . 
Monitoring of slope inclinometers on the piling (Slope Inclinometers 1 
through 8) began in June 1981. Data obtained from those inclinometers are 
difficult to interpret. This is due to several factors including lateral 
earth movement, earth settlement, and subsequent downward drag on the 
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piling. Also, as stated previously, the inclinometers could not be 
monitored as far as the seated pile point. That necessitated referencing 
all movements to the top of the piling. However, the top of the piling 
alos will move as the end bent moves. The initial position of the end bent 
was not determined by an optical survey. 
Apparent movements of the instrumented pilings are shown in Figures 32 
through 39.  It may be noted there was movement in the order of 4 inches, 
with battered piling moving more than straight piling. 
Slope inclinometers not on piling (Numbers 9 through 13) are seated in 
rock and produce more consistent data. 
most of the slope inclinometers 
approximately 1. 2 inches. However, 
movement of 2. 5 inches. 
As shown in Figures 40 through 44, 
indicate a maximum movement of 
Slope Inclinometer 10 indicates a 
Of the 13 earth pressure meters installed, three were apparently 
damaged during installation or construction of the end bent. Those three 
are Meters 106 and 107 in the southbound lanes and Meter 101 in the 
northbound lanes. Earth pressure trends revealed by those meters are 
similar to other meters, but the initial data and pressure magnitudes would 
imply a possibly damaged meter. Pressure data for the northbound lanes are 
plotted versus time in Figure 4 5  and for the southbound lanes in Figure 46. 
ANALYSIS OF DATA 
Settlement 
Figures 4 7  through 54 show the rates of settlement for Gages 1 through 
9, respectively. It is apparent the majority of settlement occurred within 
a relatively short period of time (150 to 250 days) . Gages 1 and 3 show an 
increase in rate at 700 days. That corresponds to the time that 
reconstruction began on the south approach fill. Figures 23 and 25 also 
show the settlements accelerating at those two gages at 700 days. 
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Figures 23 and 25 also show small amounts of heave occurring around 
October and November 1978, and again in April 1979 and continuing through 
June of that year. Those periods correspond with construction of the north 
approach embankment. Therefore, it appears that construction of the north 
approach embankment did cause some movement deep within the foundation of 
the south approach embankment, although that movement apparently did not 
affect the stability or location of the failure surface of the south 
approach embankment (to be discussed more fully in the section on stability 
analysis) . This conclusion appears to be supported by the fact there were 
no observed rises in pore pressure in the south approach foundation during 
those periods (Figure 55). 
Examination of the plots of the individual gages indicates the point 
closest to the side slope of the embankment (Point No. 2) generally settles 
more than the interior points. For the gages at lower elevations in the 
embankment (Gages 3 through 6 ) ,  this phenomenon begins shortly after 
installation of the gage and, in general, continues through the date of the 
last reading. For Gages 7, 8, and 9 (higher elevations) , 600 to 1,000 days 
elapse before this trend develops. The cause for this phenomenon appears 
to be slumping of the embankment under its own weight. An event similar to 
this was previously reported by Allen and Meade (14 ) .  
Stability Analysis 
In reviewing the field data, it appears the foundation in the area of 
the south end bent was suspect. The underlying rock was composed of 
fragmented limestone layers and weathered Kope shale. This resulted in 
competent rock being at a lower elevation than expected. Also, the 
foundation material immediately below the man-made fill in the area 
exhibited a low shear strength and high water content. This is possibly 
the result of the former existence of the farm pond at the site. 
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Because of the conditions in the foundation, a problem arose with the 
placement of fill material. Construction of the fill proceeded rapidly 
with approximately 20 feet of fill being placed in the first 25 days. This 
appears to have been too fast, as indicated by the significant rise in pore 
pressure shown in Figure 55. 
Those conditions were the probable causes leading to the slope failure. 
The failure tilted the piers that were in place at the toe of the south 
approach embankment. That necessitated removal and replacement of the 
piers and caused a delay of several months. 
Failure of the embankment due to those conditions was substantiated by 
a laboratory slope stability analysis using a program developed by Hopkins 
(15) . Using the engineering properties listed in Table 4, the analysis 
predicts a factor of safety of 0.95. After dissipation of the pore 
pressure, construction of the fill was completed with a factor of safety of 
1.18. The predicted failure circle and fill heights at various times are 
shown in Figure 56. 
At the time of failure, engineers from the Kentucky Department of 
Highways and the original consulting firm concluded that construction of 
the south apptoach embankment should be halted. Slope inclinometers at the 
site indicated movement at the toe of the embankment near the piers was in 
a north-northwest direction. Furthermore, it was decided (at the same 
time) that construction should begin on the north approach embankment, 
hopefully to balance the driving forces on the south embankment and stop 
the movement. (Figure 56 illustrates existing conditions at the time of 
failure. ) However, it should be noted that the north piers (Station 
233+43) had not moved -- an indication that the movement did not extend 
beyond Chesapeake Avenue. The theoretical failure surface from the 
stability analysis (shown in Figure 56) appears to verify quite well the 
observed movements in the field. The failure surface intersects the 
groundline just north of the toe of the south piers and does not cross 
Chesapeake Avenue. Therefore, the conclusion is that construction of the 
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north approach embankment did not stop the movement of the south approach 
embankment. However, after construction of the south embankment was 
halted, pore ,pressures in the foundation dropped rapidly (Figure 55) , 
undoubtedly increasing the factor of safety, and the movement decreased 
significantly. 
However, the most recent data indicate continuing movement of the south 
approach fill, with a current factor of safety of 1.03. The question of 
future stability of the embankment becomes one of significance. One of the 
more important factors influencing the situation is the elevation of the 
water table in the embankment. 
Experience has shown that the water table in side-hill embankments 
saturates increasingly larger portions of the embankment over an extended 
time. Data obtained at the site indicate the water table fluctuates 
somewhat with intensity of precipitation, but is generally rising (Figure 
57) . From the slope stability analysis, a projected water table elevation 
of 570 feet would yield a factor of safety of 1.00 ( Figure 58). Unless 
remedial action is taken, the water table elevation may approach 570 feet. 
If that occurs, the slope could fail again, possibly within two to five 
years (assuming the water table continues to rise at the present rate). 
Slope Inclinometers and Earth Pressure Meters 
Slope inclinometer data at the site are of two types. Slope 
inclinometers installed on piling (Slope Inclinometers 1 through 8) were in 
place soon after fill construction was complete. Data obtained by those 
instruments will primarily reflect the condition and changes in the piling. 
Slope inclinometers drilled into the fill and foundation were placed 
approximately one year later and reflect movements of the fill and 
foundation materials. 
As previously stated, interpretation of data from piling inclinometers 
is difficult. Due to factors previously mentioned in the section entitled 
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Field Data, the pile movement may only be considered relative to a point on 
top of the piling itself. However, that point is probably moving also. 
Therefore , the true magnitude of movement is difficult to determine. 
Data obtained from Slope Inclinometers 9 through 13 reveal movement of 
the entire fill and foundation in the area of the south end bent. 
Inclinometers 9, 11, and 13 are moving in a north-northwest direction (see 
Figure 8 for location of inclinometers) . Inclinometer 9 shows greatest 
movement in the top 10 feet (Figure 40). This would locate the movement in 
the top portion of the soft layer previously discussed. Also, that 
corresponds closely to the critical failure surface, as determined from the 
stability analysis. Inclinometer 13 was installed at approximately the 
same elevation as Inclinometer 9 and is located in the northwest toe of the 
south approach embankment. From 23 feet deep to the top of the 
inclinometer, there is a dramatic increase in movement (Figure 44).  From 7 
feet to 23 feet, the movement appears to be in the soft foundation layer. 
However, from 7 feet to the top of the inclinometer, the movement is 
probably due to slumping of the toe of the embankment, as that portion of 
the inclinometer was installed through the toe of the embankment. 
Inclinometer 11 was installed at the top of the embankment slope and 
south of end bent No. 1 on the southbound lanes. Figure 42 shows a zone of 
movement from 57 feet to 6 0  feet. Again, movement appears to be occurring 
in the soft foundation layer. From 8 feet to 20 feet, there is a second 
zone of movement. That portion of the embankment is moving almost due 
west .. It would appear movement is due to slumping of the embankment -- a 
conclusion substantiated by the previously discussed settlement data. 
Inclinometer 10 is located immediately south of the end bent of the 
southbound lanes (near the median) . At the 6 0-foot depth, there is a 
distinct failure plane (Figure 41) . The direction of movement at that 
depth is generally northwest. Movement is also in the soft foundation 
layer. From 20 feet to the surface, a second zone of movement may be 
noted. The direction of movement is to the northeast. That indicates the 
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embankment is attempting to "spill through" the space between the two end 
bents. 
All inclinometers on the piling (Inclinometers 1 through 8) indicate 
two general movements. There appears to be soil movement in the top 15 
feet to 20 feet. Movement is generally north-northwest, along the 
centerline of the roadway. The movement is from an apparent slumping of 
the soil behind the end bent and a continuing rotation of that soil down 
and under the end bent with a consequent bulging on the front face of the 
embankment. That phenomenon has been observed in other cases, as reported 
by Hopkins (16) . Also, the piling inclinometers show a definite 
northwesterly movement 
installed in the fill. 
in the foundation, as indicated by inclinometers 
The greatest movement appears to be 2.5 inches at 
Slope Inclinometer 10, but as seen in Figure 59, all slope inclinometers 
reveal a continuing movement. 
When summarizing the slope inclinometer data, a probable explanation of 
events emerges. Again, it appears there is a general foundation movement 
in the northwesterly direction. The end bent and its supporting piling 
presents some resistance to movement, thereby resulting in some degree of 
"spill through" between the end bents of the northbound and southbound 
lanes (as indicated by Inclinometer 10) . 
As a result of earth movement, two things appear to be happening to the 
end bent and its supporting piling. There is bending or sliding of the 
piling that tends to drag the end bent down and rotate it about a 
horizontal axis (Figure 60). Then, because of the "spill through", the end 
bent tends to rotate around a vertical axis (Figure 61) . 
The hypothetical rotation about a horizontal axis is supported by earth 
pressure data. If the end bent is rotating as illustrated in Figure 60, 
the earth pressure would probably be the greatest at the top of the 
vertical earth-abutment interface (Figure 62) and on the bottom face of the 
pad (Figure 46).  If the end bent were not being rotated or dragged 
downward, the piling would support the end bent and earth pressures on the 
bottom face would tend to be very low. 
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CONCLUSIONS 
The south approach embankment apparently failed because of rapid pore 
pressure build-up in the foundation. Failure occurred in the soft layer in 
the foundation. 
Halting construction on the south approach embankment allowed pore 
pressures in the foundation to dissipate, which helped to stabilize the 
embankment. Construction of the north approach embankment apparently did 
little to stabilize the south embankment. 
Installing slope inclinometers on piling is an effective means of 
determining initial alignment of driven piles, as well as movement of the 
piles with time. 
Two of the four instrumented piles on the end bent of the south 
approach on the southbound lanes are badly misaligned. This could indicate 
the problem may be more prevalent than realized. 
Settlement rate data show that most of primary consolidation occurred 
within 150 to 250 days. 
The embankment appears to be slumping or creeping under its own weight. 
The end bent on the south approach of the southbound lanes appears to 
be rotating about both a horizontal axis and a vertical axis. 
The foundation soils are still moving in a north-northwest direction. 
The present factor of safety for the south approach embankment is 1. 03. 
Because of� continuing movement in the foundation and a continuing rise in 
the elevation of the water table in the embankment, it is expected the 
south approach embankment may fail again in the future. 
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Table 1. INSTRUMENTED PILING 
===================================================================== 
SLOPE INCLINOMETER PILE LENGTH 
PILE NUHBER ALIGNHENT NUMBER (feet) 
37 straight 1 61. 4 
34 battered 2 73.1 
26 battered 3 71. 3 
23 straight 4 63.8 
16 straight 5 62. 9 
13 battered 6 76.4 
5 battered 7 70. 6 













Elevation of Piling Top - 581. 5 feet 
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Table 2. SIDHIARY OF LABORATORY TEST DATA 
=========================================================== 
DEPTH M.C. 
SAI1PLE (feet) (%) LL PL PI SG CLASS LI 
-----------------------------------------------------------
HOLE 1 - SURFACE ELEVATION 545.73 ft 
S-lA 2.5-5.0 17.1 
S-lB 2.5-5.0 15.1 
S-lC 
S-lD 2.5-5.0 14.5 
S-2A 5.0-7.5 16.5 
S-2B 
S-2C 5.0-7.5 14.3 
S-3A 7 .5-10.0 25.0 
S-3B 7 .5-10.0 28.3 
S-3C 7.5-10.0 28.2 34.9 20.4 14.5 2.73 CL 0.54 
S-3D 7 .5-10.0 32.3 43.2 18.3 24.9 2.86 CL 0.56 
S-4A 10.0-12.5 29.4 
S-5A 12.5-15.0 30.6 
S-5B 12.5-15.0 35.6 
S-6A 15.0-17.5 35.7 27.0 20.4 6.9 2.68 CL-ML 2.32 
S-6B 15.0-17.5 25.4 22.2 18.4 3.8 2.66 ML 1.84 
S-6C 15.0-17.5 24.4 
S-7A 17.5-20.0 25.4 
S-7B 17.5-20.0 28.4 
S-8A 20.0-22.5 24.5 
S-8B 20.0-22.5 24.1 29.5 19.2 10.3 2.69 CL 0.48 
s-se 20.0-22.5 27.8 26.4 22.2 4.2 2. 67 ML 1.33 
S-BD 20.0-22.5 25.6 
S-9A 22.5-25.0 30.5 
S-9B 22.5-25.0 
S-9C 22.5-25.0 29.0 
S-9D 22.5-25.0 29.3 
S-lOA 25.0-26.5 28.1 53.8 24.4 29.4 2.89 CH 0.13 
S-lOB 25.0-26.5 26.1 46.8 24.4 22.4 2. 77 CL 0.08 
S-llA 27.5-29.0 32.1 42.0 22.0 20.0 2.74 CL 0.51 
S-llB 27.5-29.0 30.2 47.3 25.2 22.1 2.74 CL 0.23 
S-llC 27.5-29.0 28.3 
HOLE 2 - SURFACE ELEVATION 541.04 ft 
S-lA 2.5-5.0 48.6 
S-lB 2.5-5.0 18.3 
S-2A 5.0-7.5 25.8 31.8 23.1 8.7 2.69 0.31 
S-2B 5.0-7.5 33.1 25.0 18.5 6.5 2.64 CL-ML 0.81 
S-2C 5.0-7.5 21.8 
S-2D 5.0-7.5 22.6 32.4 18.2 14.2 2.76 CL 0.31 
S-3A 7.5-10.0 27.1 29.5 19.4 10.1 2.57 CL 0.76 
S-3B 7.5-10.0 27.8 30.7 21. 1 9.6 2.67 CL o. 7 0  
S-3C 7 .5-10.0 30.3 
S-4A 10.0-12.5 34.8 
S-4B 10.0-12.5 
S-4C 10.0-12.5 30.5 
S-4D 10.0-12.5 
S-5A 12.5-15.0 31.8 
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S-5B 12.5-15.0 
s-se 12.5-15.0 30.5 
S-5D 12.5-15.0 25.7 23.4 19.9 3.5 2.7 1 ML 1.66 
S-6A 15.0-17.5 30.5 
S-6B 15.0-17.5 25.2 
S-6C 15.0-17.5 27.1 33.2 21.4 l1.8 2.75 CL -0.40 
S-6D 15.0-17.5 21.1 37.3 21.7 15.6 2.76 CL -0.04 
S-7A 17.5-20.0 37.4 41.8 22.7 19.1 2.76 CL -0.05 
S-7B 17.5-20.0 
S-7C 17.5-20.0 15.4 
HOLE 3 - SURFACE ELEVATION 541.00 ft 
S-1A 2.5-5.0 




S-3A 7.5-10.0 28.5 18.6 9.9 2.68 CL o. 7 0  
S-3B 7.5-10.0 30.3 17.9 12.4 2.70 CL 0.60 




S-SA 12.5-15.0 28.1' 19.3 8.8 2.68 CL-ML 
S-6A 15.0-17.5 
S-6B 15.0-17.5 35.9 19.0 16.9 2.76 CL 0.42 
S-6C 15.0-17.5 41.1 22.0 19.1 2. 77 CL -0.02 
S-6D 15.0-17.5 39.2 22.0 17.2 2.75 CL 0.44 
S-7A 17.5-20.0 39.7 22.5 17.2 2.72 CL 0.08 
S-7B 17.5-20.0 39.2 22.9 16.3 2.76 CL -6.03 
S-7C 17.5-20.0 
S-8A 20.0-21.0 37.9 21.2 16.7 2.74 CL -0.05 
S-8B 20.0-21.0 36.7 22.3 14.4 2.77 CL -0.40 
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(degl !pcfl (pcf) 
At Failure 25.9 0.0 131 
575.0 ft 
At Failure 25.9 69.0 131 
575.0 ft 
At Failure 25.9 69.0 131 
575.0 ft 





25.9 o.o 131 
Note: Tip of Pneumatic Piezometer No. 
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" Pore Pressures from observed water table Dec 1984 In slope inclinometers. 
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Figure 1. Study Site -Interstate 471 Bridge over Chesapeake Avenue in 
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Figure 9. Placement of Slope Inclinometer Tubing on End-Bent Piling. 
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Figure 2 0 .  Placement o f  Earth Pressure Meters and Settlement Platforms 




C O N T R A C T  L ET T I N G  
SUBSUR FACE EXPLORATION I I 
S O U T H  
A P P ROACH EMBANKMENT 
CO N S T R U C T I O N  
EMB A N K M E N T  FAI L U R E  
N O R T H  
A P P ROACH EMBANKMENT 
C O N S T R U C T I O N  
MATE R I A L  STOCKPILE D ON 
SOUTH E M B A N KMENT 
SOUTH P I E R  REMOVAL 
AND R E C O N ST R UCTION 
SOUTH E N D ·  BENT 
C O N S T R U C T I O N  









� :!�: � :e 11: !!: !!: Oo O.o. 0. !' 
!::' .. - �:--: -� o " - -- - C"'l � w �11:...: > b " z :> rA3:g � z .. , .. 
• 





ci :> .. 
-: .. ... . .. ... 
w 0 
0 0  




u 0 0 0  0� 0 • 
!!: • •  ... . 
!!' � �  !:� � 1"1�,; ..:! 2 � w w 
"' z z  ...:...: > .. :> :>  oo o .. , ,  00 z 
\ 















. \  
\ . \  
"" -�--�l lo I 
Lu ltj lc1 I ' 
-J -J � ' Q " " ' 
� � � 
ct ct Ct UJ v--J v-, 
"' "" "  
l_) l.'l l.'l 
-� ·- �"2: < 
-- �- .__, 
c:: c:: c:: "' <'::) "' 
"" Cr:l "" "" "" i 
LGJ Q ? __ j- >:: I 
��------T---
c;(? 0? 
- -T·------------· - -r- ---
r; l D l 
( '  5 dj 
45 






c:: L, ' 
1'--., 
c r:  
C-; 
� �  
�,J ' 0  - ) 
�::) k 
l"") <..r; �� Lt __ i :::3 k_ 
(_J 
---J 'S� ""-... . Ct 






c . ll_�j 
� ("\ - . ., \J'· C.t 
LJ. J c� -� 









' '  
J i ' :' J' 
�J )I? 
X- ��- [\ 
Cf' 1�.>x I t  ff I I l I/ I cpi .fl� 





� ' r-.... f\J l 
LJ f:j �i --:: J 
!-......_ "'J-J 
-::r:- ('\j : !J]Ei-- ------' ; �L' '-._) ....., ' �-1 
'� 
� lc) j  rL ::r- ·- ' l 
• .. � � J -� _: I ,, "" ' l  
ll !t _. 
---� 7 !i 
---------8-s�--}�1 
0� 
�1-:':FJf& 1:1---:±iEFLl-�?r 1:1:IrG=Fif:J +1-f:}�---
.�� 
,..... .. I 1 tJ OI[]PNI(MEN r 
.1 0 5E 7 T!_ ENEN T 
-.. -El--El 
F l L L HF I C,r' 7 l ! ' �t\ .\ 
-....... 
I ll 
! .-:r �F l f l _i--r,/�N T 
\_� .. . ,J - L '- I L 
' 
Pl p 7 C!JlP1 AF PD I /·/D!J 
c,c;CE # J - A VEF?CJDF LJF P{!/N TS 
v, " i r\ LJ .I I -� .1-:' :t: ' B. l . .J ! \i � "':t< i i:i)1 ' 
�-- -., � 
<._ I � � � � 
� 
,_,' .. - - - - - - - ---� -- l--J�Si)'% � Mil\ 
"' 
''� - - '"':� "'< , -- �-<w'' \ - � -� -
'- ' - ,
, \ " - "--  ---
< �� 0:.1 •C I ,' 
ltj 
�-------�-- --. ,._)" - ---. - .. _ _  · ___ _ _ - - ---� -.J Cj ' 1--. ...., I 
c-._ I -j 
L1.J �8 79 80 
G) � .AUG _!PN MD r 1�:-----.-�- MD r I ' 300 5l}(} 7L"D 9Drl 
1 f,AfE- //7A r S .'c;F- / .EI? L E. 7 T ,/ //D-
� T , .. L'9 � ., ' � ' r 1 ,___ / �i I .1 "- I L ;;:_ "'- � .L �- H L- .T i'""' T L. i ' I /') · . / !] - 7 I •! c .  L 
8 1  
5EP .JPN i•;!D ( 
L. - �- -------r--- ·-· 
1 1 00 ! 3/}0 
o,c COl/ ll]q,("' T )  
7 ! �- i\/ ,l ·7 I ,' , �-; 
---� "··--8 82 
5FP JRN 
1 5 00 
� 
l 
� Lr, � I 
4 4 4 
!--. I--. "-- 1-- f-._ 






I / / I ' j /i I ! q' I .' It' ; ; I I I I I l i �" I I ' ,, I /j I i !  ! I 1 1 : I j r I ' 
lftk 'i I \ r i f 4 I I /i ! I 1/ , I 
- ----- r - - r 
? ! - 9 ! -
j N;JN;J 71 L 35 
r\J c, -�· L--, l<:) 
" 4 4 4 • 
>-- ,___ >-- h._ '---
Cc "' c� [� "� i 
! Gl c '-- --- ·"- ' i -��-- --___ _::__::__j 
,���---- -�----· ·- - -- -- ----1 - - r --- ___ . . - - ------� -- �--
0 ;:- ,7 -- 9- g- 0 1 -
f .c; 3H J.N I J  J N 3/0 7 J Ll c; 
49 







t:o < c:o Ln "· 
I 
e , I "' '' IC:.i 
C, 
I I 
c '  �� "f'' 
., ·' 
I I 
r \-_ � Q· �-
l::::, I "'I 'f', 
[� J Q· :;:;:- ' I � �, c:::J \...,) 
> J s� ' I� 
I "' I ::::, �_t-':J � I '" 
c:o 









l J  




Lc. t ,  �-
C:::J -<:_ ·-. 
r '  h� 
__ , --
""--._ V1 
'� -., --.) i-_ \r; 
� ,_ -___,� 
Lt_ 
----J 
cc: - .  " ·!, l,!_j 
� ltc l.L_ (-�, Ct c;: 
l '· -� 
U) 
:c._ 





. J :� , __ 
'� ,_ 








I ,  
. - �,.1 r-� � '"1, l.r; rz 





l rJ c; 
_
' __ v __ __ J_,-_ ___ >_;_ji _ _:-'__ ___ :: .. 
,-- ---
9 
i .• I 
I i i I ij 




-' )  / /_;': / i-' ! / / / /  i / / ( / f' I t 51 li /11 
! ,'/ .· I 
' r I I ' / ! l ,.1 ; /1 ' 





f 5 JHJN J J  J NJ/0 7J L J5 
50 
!--.�_ ,  
'- ' 





- - -1 
I\J "'· 'OJ I '-" l') I 
















i "c "" ',;�I � " u 
h_ ·� C, 
c "- "-
�  -��-� l
tt 
4 




, ., : 
\ - 1 
\ i,. i l i :  ',, i \  t 
� ----ttl 
- - - - - �---'"" ------ _ ____ _ __ T _____ __ 
8- c: [ -





:c: t::J "' t::J "' � l.r) 
O::l co � t::J "' ct t::J 
,.,._, 
9 1 -
c.,J 0.J "''!, t'·, cc, 
l.t tl: tt 4 11 
! D CJ 7 + X r  '-- ----------- -- _:____j 
', d;('i I I '  ! / l i ' If I 
.' /  // / '-/'" 
I , 
/ ! ' i / i ! 
i /  l/ 
/ 
i 
! ) ; 1' 
·-.. / '  \ 




- � - -· - --- - -- - ---- - - - --- r- ------- - - - --- - ------ - �  
o z- t -










"' (') --, 
-, 
, '  ·-----J 
"] ' '..::) '---...\ 




'< � lr LJ __ ! c, ·c.:-j ' ),:-CJ i_J) C_:J 
l,') "'--
c:·: ··--... (�) Ci 
"- ·- ' <l � f-__ �-.J) 
:.__ _ ,_ , ___ ' 
-, r_,_ ,, (-:J L.;j 
t' ,! 
c-- -, I,, v:, li __ i 
> "" ,_, c:l' lr_ ( ' ' , ,  ;-�. C!:- (]� ,,�i l�: -,, 
v- -� I r .. _J lt , U: f-.. _ I"'; - --:::_ (' ,I "'-
�- I '-CJ !,l � t- C::J lt_J ' _j > ----J '":!• '-:- k ' I "': , ,  I c-, L! 
� I 
(._) j �j-J 
c:c I , - I,') '-,J 
Ec "' ('j C') L! 
c:' 
- _j 
l,� I, -, 
:::, c::;, 
ct: c::;, ,, "' 
9-
r\; "' lrJ -l "' C'") ! 
" " • " " i 
!--. !--. !--. 1·-.. !--. 






















RESUL Tf.?N T N8 VENEN T 




o_ 4 o 8 
't<;. 
i '  . --· l --- -------------
lf; 
! 
FJ CURE 32. N!J VENEIV T VEF15U5 DFP T!i RS OF 8 - 1 5 -84 
15U IFE INC/ ! NONE / ER 1 J ,  
55 
1 
'·' . v 
I 
>'---
' '  ' 
'-l-J ' \l L;_.� "'! -l. 
�-
f-- _ ' C'--
Cc "' LL: 
CJ 
RE5Ui_ l!iN T /'1/] VENE!V T 
1 2 3 
- - _j___ -- ---- L_ 




Ff CUF!E 33, NC VENEN T VERSUS DFP T 'i  !IS OF 1 0 -20 -81 
fSL OPE ! NCI. ! NDNE I ER 2 ! .  
56 
5 
:::r:� f--.--. Ln 






RESUL TqN T NC VENEN T 
D. 8 J .  S 2. 4 
'-v I 
J ! - - - -- _ .L  
[_� 
�� 
( ! NCNE S J  
3. 2 4. c 
- -- --'---------' 
FJCURE 34. NO VENEN T VERSL'S DfP T'i RS DF B -1 6 -84 


















vi I ! !I 
,, \, 




1 .  4 
_ _ _ _  L_ _____ _ 
2 ! 
- - - -- _ _l 
f ! N U!E5 !  
2. 8 
.. ..  �·L-----� 
FJ [L/RE 35, f.!C VENE!V T VER5U5 OFP T'I q5 OF 8 - 1 6 -84 















07· rc-s· I I !  T !';'" T jl/ f'i v c f>/,C •\; T I L  U L  'I V  - / L- L . i �-. 1  
D. 2 D .  4 






r  ;- J  
' \ 
CG ' 
f/ NC/-IES J 
0.. 5 
_l ____ _ 
FJ CURE 35. NU VENEN T VERSUS OFP Ti-1 q5 OF 8 - 1 6 -84 




!-J � -lJ-J . \: 
Ll ' 
, ,  � f---. Lf ) ()_ '\:  � C'J 
li) 
'" 
SE5 L/!_ TtiN T !ff' !E EN T f / /ICHE5 J 
0. 5 
' 
FI CUF;E 3 7  
j ,  [_7 i ,  5 2 [l 2. 5 
- , "- ,L _ ___ _ _ 
�.I 
'\ \�;; \ 
Nt! VEHE;V T VEflSL/5 D�P T!-f q5 (),c 8 - 1 6 -84 












D. 0 ' 
<:::, -,-- -- -







F!E5UL rq!':! T ND VENEN T f I NCiiE5 J 
['l_ ' . 
f {"  -';' 
l�, 






















D .. 8 
-� ' 





' ;; J - � 
___ l_ __ . 
J .  5 
--- - _____ L_ 
F I CURE 38. ND VENEN T VERSUS DFP TI-f qs OF 8 - 1 5 -84 





















Rtsc:_ r qn r 
c (18 /] I -[_r,;_<, 
l·/D VE/'i!:.-!V T 
j 5 0 � · .;.  




[1; �  
f i NCi7E 5 !  
D. 32 
���L� 
FJCUr7E 3 9 .  1-!C VENEN T VE!i 5U5 DFP TI-f q5 DF 6 -2 -83 
f5L (fPE INCl. !NCNE7 Eh' 8 / .  
62 
HESU!_ rr:lN T J.f[l VENEN T 
0. Z5 D. 50 f7 75 
f .l !VCHE-S J 
i .  DD j - r.:--;5 L_ - - I ______ l ____ __J, 
I D ae··_--;-s-� ] t�) :'J L  -3i -8 ) ! ! '- u ,) � 
: L1___ D5 -25 -52 







i .  5 
1 
/ /  l/C/iE 5 J 
':J 05 -3 j -83 
lh 05 �25 -82 
. + 0 i ··2 1 -82 
: >< 1 D -·3D -8 J 
j <: 1 D -28 -81 
� _ _l_L7-=�_L7� 8 j I 
F ! CU/1E 4 1 .  f.it' VENEN T VERSUS DfP TI-f f5U JPE JNCL. JND!1E 7 Ui ! O J .  
64 
:::t' 
�.....___ � _:  ::c- "'" . 
RESU! rq;v r i•fD VENEN T r J /1/C/-iES J 
0. 3 0 .  5 0 9 1 "  2 j . 5 
. .  L .  L. . .  .J . - ------ - ··-----L���__j 
\ 
�-a8�-�5-� 4l , -
! C'J  05 -02 - 83 • 
: L  05 -26 -82 i +  D i -21 -82 , 
' X  J D -28 - 8 1  I L' _ _  ---�' 
FJ CURE 42. ND VENE!V T VERSUS OEP T i f5U JPE !NCL J!V(JHE l ER 1 1  J .  
65 
' :J '  
'1!:. 5CL 1 '1/V 7 fv!C VE/'/E!V 7 ( T fVI' w !C"  c )  1. G I I L  J 
[! 3 0. 5 
- _[__ _ _ --- - - ---- -- - - _[_ __ ---------------
D 'J ] .  2 J - 5 
' . . . .  J. __ __ _ 
�--- - -� 
! LJ DB - 1 5 --84 
! O  DS -3! -83 
! L  05 -26 -.02 
i +  D J -2 1 -82 i X 1 D -28 -8 i i L_ ____________ -- ---____ __j 









8E5UL r:m T v G 'I c ;,1, _cj\ f T ' ! C 'I L I ! .. it r !  IVCHES J 
(! 2S D 5 0  - I {! 75 
�-
f ,  DO 1 .  4?5 
_ _ _ _ ___ L _ ____ _JI 
/� 





! LJ  08 - 1 6 -84 ! 
1 0  05 --26 -82 
1 ' I D .., ,.., -'"' ' L"-'.:c -·-----" , -,c_ u -o 1 
F! CUF!E 4 4 .  ifC VEN.C-N T VERSUS Df"? TI-f fSU JPE !NCL !NfJHE I E'I / 3 1 .  
67 
:11 
�l �� I I \ :::: "'� C.rJ I 







-·--- ··-· ·-- ---�--l 
I - INSIDE I RNE 
iJ - /JUTS/DE I RNE i 
7 - l DP El E VR /  JON I 1 11  - 11/DDI E E/ E VR I  ! ON I ��!
-







E tt ! 00 - 1 , 8  - " 1  0 1  - 0. B 
(J PE tt 1 02 - I .  11 
i +  PE n / 03 f. I 
I 
I X PE " 1  D4 - 0. N 1 
I �;;. f"'E It J [}5 ---� -/ j 
'.!---- ----- - ·., . �- ' / / �"' ¥ 
_ _?�------ . .  
--------FJ 




/ ��-- ---� -� -·"--s---- .. . .... .... . . . - ·-·--f) 
• 80 81 82 83 84 85 
� /JC T JRN NR r .L .... {�P JRN L __ :r_;/__L__{EP l�__'j_q r 5�� .lPN l__ NR r SEP JRN 
1 1 00 1 300 J 5 00 I 7DO 1 .900 2 i DO 2 300 25 00 2 700 
Fl Ci..Jh"E. ·' c ::.- J F  
li NE !DR rS RF 7 EF! f_ E 7 T / NC O F  CtlN TRqc r ;  





! - !NS !DF I RNE 
[J - OUTS !DF I PNE I 
7 - WP E/ E VR T I DN I 
B - BD T TOM EI. E VR l  ION I " - ff!DDI r n E VA l !ON . u ----��q��- �=q __ __ j 
�-- ---- ·�::.--.::� 
PE tt 1 06 - D. B I 
I
f\( PE P / 0 7  - 0. u I 
i �-1 PE tt / 08 - I .  B ! 
I ' 1 > - PE P / 09 - I .  11 I '� PE P i ! O  - (J_ 1 I' * PE " 1  1 /  - I .  7 
lXI PE tt 1 / 2  - I .  u I 
--·---·--- -- -------- -------
-




I / ., / -I •• • �/�-






-------.. �--:::::::::::=:------' � 
.. - ·  
>----, "0 I F--.... � •. ---" ;x---� i "  _ · -- · ---:c c._-* ___ _ '----- I 
. 
-::� �c.c:c::� ···- ··------· ---· --- -------- --- --+ 








....., ) I -w· , � i � • , -�---- -- · ---
� I '  I 
f-... 0::, ' � \Jj I l "I I � i  v i 
'"' ' 
I .,  
1 80 81 82 83 54 
�Joe T JRN 11R r 5EP JPN 11R r 5EP JAN i1R r SEP JPN 




1 1 00 1 300 1 5 00 1 700 1 900 2 1 00 2300 25 00 2 700 
1/ HF rDR f5 RF l FR L E l T ! NC OF CON TF!(]C TJ 




� I C':J I ""'- c:, I ::t:: -1 l..J c:, I 
� I � I 
LJ.J � I 
,____ ' --1  
� 9 1 
f-.__ I 
< I lJ.J '\J i � ! l..tJ c::; _J I I � ' 
h_ i 
11 
- .�- - - ·- +r--::::� �- . ·-- - - - -- - - - �-· - --- ----------......-  ' J  -- � - _______ . _ )  ,,- . � ---- --------I ' Y · ·  . .  ---
j 
I :
j . � -· 
b I I I I I 





NC V JAN 1-;qR 11A r JUL SEP NC V JAN 11AR 
-r--L-rL-�,_J--+ 
300 400 500 600 700 BOO 900 
F I CURE' .:f 7, 
1 ! NE fDR rS RF l Ef! L E l 1 I NC OF CON TRRC 7J 




:: I � <::t � 
L ,
, CJ . I  _ _ _  - "" - - -" <::> l J )9_ -------"Y - -- -- - - -c-�--� 
I 
�--






::t:: ' l 
I , 
'-.! I <
'" I I i / . 
---+)___ 
! r/ ···� . .  �-........  ,-... , ' '...... � '  I · -1 ' 
Lw c;o , I ;: J  ec- "' I 
h... c:) 1 < I I Lw ' � "" I  Lw .___ I 
� c?jl 
lw co V) -� 78 9 AUG OCT 
300 400 




80 8 1  
APR JLIL OC 7 .JAN APR .JLIL D C  7 JAN APR 
L __ T L___--,L---- -�----�.-----L, 
5 00 500 700 800 900 ! DOD l i DO 1 200 1 300 
1 ! NE fDA rS AF 1 EF! L E T T  INC DF CON TAAC TJ 











- - - - - - - - - - - - - - · - - - - -� -- - - - - .- - - - - - -
�------- -- - �/ ' ,� ::t: c:,  lJ < 
� lf) 
'- C)  
� 9l 
c:r- ! 




, � - 1 ,-...._ t::::J I 
< ' I lcJ I N � I 
lcJ �J j 
SEP 
� �j 78 
c:) RUG 
I . ___ __L_ 
300 350 













11RR 11R r 
j__ 
I 
5 00 5 5D 600 
T I ME fDA rS AF l ER L E 7  T ! NC OF CDN TRAC 7J 
.JJL 
65 0 






'--- I � � ' - - - -
::t: . .• 
l-.l ::: �· i 
'-... c:, I · �  c::, , 
LlJ ' ! 
,.___ I 
Q- "" i lt' ""J 
f-.__ C":J i 
<: ' i 
LlJ 1 � '\] 1  1' ltJ ·--.. i 
-..j , j 
LlJ co 78 '.!) --.,  79 
·� 
_______ . ______-+------.=--- - -
! 
-- - =---=- - -_ __,.,+_ - - -
\,_ r� 
__ -
I ! i /  
l 
80 8 1  82 :: '?j' 9 RUG JRN "'L! r +p ___ ,_J!!!!_ "'L! r SEP .. !eN 1 'iL! f  SEP JAN Nq r SEP �--L--·-._J---��-_L---, 
300 500 !DO 90(1 1 / 0D 
l!HE rDA r5 AF 7 ER L E l T ! NC 
1 300 / 5 00 1 700 1 900 
(JF CON TF!f.1C T J 




C) I "  ""' i ::t:: · I  l..l c:o I < . 
..._. I � I 
� 
I \  
I \ I ', I \ I I \ 
. \ I ' I I � c::, J 
c:c c-.; ll::' 
k 
< LJ.J "<  � 
I \ 
- --- J --- \;r � �=cc ¥/P��<.;_/�"'�, _ _  lJ.J c::; _j ' --J 
k 
"--
LJ.J VJ "" I 78 
'?tUG 5EP DC / ND V 
300 350 400 
1 ! NE 
79 
DFC JAN FEB HAR AN! 11A r JJ/v JJL AUG SEP 
L_ ,-L-- _  _j_--,--_ _L__--\ 
450 5 00 550 600 65 0 700 
!DA rS AF 7 ER L E 1 T ! NC DF CON TFNC T J  















ll.l n,  :t: . .  
- - - - - - -- - - - - -r::::.----+----=- i>----=_ . =- ----:=-� - -
// 
! 
I J llJ 91 � �·jl 78 79 80 8 !  82 
c:; AUG JAN i1A r SEP JAN !JA r SEP JAN i1A r SEP _!AN !JA r SEP 
I L _ ____________l -------'- --,---- _ _j____----,l__ _ ___L_ -,---L----------l-.-----L------, 
300 SOD 700 900 I 1 DO 1 300 I 5 00 I 700 1 900 
1 ! 11E WA rS AF T ER L E T  T INC OF CON TAAC T J  




� : 1 !"' '· ."' r - - -- �-"--- ·=� -· ,__ � - !- - -r - - - - -------.<-- -- . Q: c:i -1  - - - - - - -- - - - - - I \ , � I I j \ �j I I . I "' I / \ I iS "" I I \\j' ::: 9l f' "' I lJ.J "' i r-.__ - i I CJ: 9! I ct- I ! I I I ' �---- l.) ! i > ' I I LlJ <:J 'i I :t: I i I 
lJ.J i � � fJ:) I 
lrJ 78 
� 
9j'l' � .AUG 
300 
79 80 8 1  
F / CUF!E 
JAN 1'/A r SEP JAN f{O r SEP JAN ftJA r SEP .L__-,-�-L-,-------/ ·,-- ' ----, 
5 00 700 900 I I  00 1 300 1 500 
T I ME !D/US AF l ER L E l T I NC OF CDN T6t7C T J  
c, -�) 




"" ""� � � � � � � � � � � � � � � � �  cO l lr) i "' I  cOl 
LtJ , I 
'--. I Q- "" i 
ct- --:� f-.-_ "" . --...._ I ! <C ' ltJ I 
� c� I 
� -:J f-.-_ t:> ' 
t---. ' 
� � I  78 79 eo 
c:; I RUG NO V JPN 11qr1 11q r JJL 5EP ND V JPN J1qf1 Wl ! JJL SEP ND V 
' -j ' -+�-._l_,--�L__--,__j 
300 
F I CURE 5 4.-
5 00 700 900 l i DO ! 300 
T ! HE fDR fS RF 1 ER L E 1 T ! NC OF CON TF!AC ! J  
A!i l E  OF 5E 7 TL E!1EN T fCf?CF 9 - PO I N TS f? VEf-7t1CFD J .  
�� I 
---- r �-- og:; 
f L _-id.:iJ 
78 
T 
























Cc' ,, ll 
,_ :-. 
' ., 
---- _, ll j 





�l J �� I J c::, ""
_
' ICJ � I  : L}-8 
l 
� ! 
r E:l F I NC!/. GRADE 
8 FIL L HE! Cii T 
<J FIL L  HEI GH T  
+ RIJCK 
-�- ----- --- - - - --- - � 
2 110NT!i5 RFTER !Cfl fL tJRE I 
A I  _FflfL URE , 
i X OR/GINA! GROUND 
. 
I 0 FAIL URE SURFACE ___j --�- --··- - -- ---- -----�------ �-�---�- ----
1' ____ -------EJ 
./� / 
C, � l  
� 
,, I • 
. 
_ _  _ - o 
-- '
' � - - - - - - - - -' -- --��-
. ��-
c::,-¥-- -- - - - ---
�- ----'<f-------*- - - - -<] 
lf) 
-�---
lr) ----; '\J j  -�- -- --J-.-_.___  � -- - -+ - ---- ----
(::)�-- ----- ---T- ------- ------.. ·-·- -·-·r ·--·-------------··--l - ---- · ------- --- --·r-.. ··-·- _ _ _ _____ _ T _____ ···--- -----T .. T --- ----�- 1·- ·-
7DO 725 
� l C fJlfE 5 6  ..
75{/ 775 
PR[:,cj_· L F  n c  Li 1 
8.)[) 
c � �- 7 I L L 
S ... � l} n E 5 T t7B / L I T r· 
85D 8 75 1}(7[7 925 
fiNfi! i S i S  SE.r; T ! DN 
__ __,_ 
9 5 () 
gj 
EJ BOR! ;;--91 
8 BORiNG i D  I 
i <8 B(JR!NC 1 1  ! 
+ 808/NC 1 2  I 
X 808/NC 1 3  I 
·-··----- --- ...... ,, ., ___ � 
<:::o E/ E VR 7  ! ON (JF FIL L R l  END BEN T �T - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - -
� 
i c-..) I � �, ...., '---- l!) I lJ_, ; lJ_, i 
lc. l '--- I I 






<::::, ' � ''1 � l!) ! ' 
· - -·- - ------- ---8----cJ 
-· -· r- -B-- · - - - - ·-
I 
\ I , I //.,---· . 
-
k:=--=:==� c_Cc ��:-d: '� -- -- ·- ------- ---
81 82 83 84 
-- -�-............,) 
__ _________.--X --------x 
- - ----" ' -- -- �--+ · -----+-
85 
� 1 qc � {Rf� _ __ f'.F!_T {��-/E--�-- -/:;rv _ _rrR JLIL _5c ,  _{!!.� qm f!!---,5.:-_�T .lPN RPR JUL 
1 400 I 600 ! BOO 2000 2200 2400 2600 2800 
F l CUFfE 5 ;-, 
7 I !1E tOR 15 OF ! ER L E 1 T I NC tJF CON TF!!iC 1 J 
Nf} / EF! TC!SL F FL F VR 7 !  ON VERSUS T !  NE-
c::::, 
�. --- -- � - --- -- -- - -- >- c..; 
I 
,-----···1·--- -- -------· r--- ···-------- T---- · ·------ --�-- - -- - -------1 
05 5 085 01 5 
- - -- ----- r·-­
D!J5 






c� · .  
G) 1 "  1 \ ! '· 
\ )( \ 
,--- �--- ---- ----T- ---- -- - ·-· ·  -r--- ----------� -- --r-· · · 1---
£ z ! 0 


















� f">J '--' C":; � 
, __ f- ( :::--J I -.._1 -" Q -, _  Q: � 
<::o k Q� ";t• �-c_ � "' "\' � Q- -..__) 
r__, 
� (:� lr 
--, t3 
�- c::J �) lc c:_, f'.," --� �  c, ' ' 
k 
:::_--! c� -" l-Lj ') 
--J 
c:�� <::o Q:: (" ,_ <::o li J  Q- - c:::, r, ,___ 
< LL_ Q Cf: -,_ 
loj 
, _  '� 
'--' C::J Ct � - C:.'":J Cj 
"" '--
>J I � 
-"" L-t__J , _ "' < 












S P I L L  T H R O U G H  
N O R T H  B O U N D  LAN E S  \ j 
'f 
1>� I 
'"[---- - - ]  
F I G U R E  6 1 .  
,...,-·"='''111 
S O U T H  E N D  B E N T  F O R  SO U T H BO U N D L A N E S  
.---- - - -- - -------
H Y PO T H E T I C A L  V E R T I C A L  A X I S 
C E X A CT LO C A T I O N  U N K N O W N ) 
• 
M O V E M E N T  E X A G G E R A T E D  
R O T A T I O N  O F  E N D  B E N T  A B O U T  A H Y P O T H E T I C A L 
V E R T I C A L A X I S . 
